As the penetration rate of renewable energy resources (RES) in the power system increases, uncertainty and variability in system operation increase. The application of energy storage systems (ESS) in the power system has been increased to compensate for the characteristics of renewable energy resources. Since ESS is a controllable and highly responsive power resource, primary frequency response and inertia response are possible in case of system contingency, so it can be utilized for frequency regulation (FR) purposes. In frequency regulation, reduction of the Rate of Change of Frequency (RoCoF) and increase the frequency nadir by improving the response characteristics are important factors to secure frequency stability. Therefore, it is important to control ESS with proper parameters according to changing system situation. In this paper, we propose a method to calculate and apply a frequency droop, which is basically required according to the power system condition based on swing equation and effective inertia assessment. In addition, a method to estimate RoCoF droop according to the correlation with frequency by estimating the systematic inertia in the current situation is proposed. The case study for verification of the proposed method was performed through dynamic simulation using actual Korean power system data. The results show that the proposed method is more effective than the governor-free of the conventional thermal generator and conventional droop control-based FR-ESS.
Introduction
The current status and prospects of renewable energy sources implementation have been rapidly expanded in the world [1] . Because of the high volatility of renewable energy resources (RES), the increase in the proportion of RES in the power system can cause problems in maintaining the frequency and voltage stable [2, 3] . Especially in terms of stable frequency maintenance, there is a limit in balancing the power demand and supply since the volatile and unpredictable power generation characteristics of RES. Unlike conventional generators, increasing the percentage of renewable energy without inertia lowers the effective inertia of the system, making the frequency response difficult for disturbances [4] .
To overcome the problems, the necessity for improving the flexibility of the power system has increased. For the flexible power system operation, the application of new facilities such as high voltage direct current (HVDC), flexible alternating current transmission system (FACTS), and energy storage system (ESS) are expected to increase [5, 6] . HVDC and FACTS have long served as a facility for controlling active and reactive power in large-scale power systems, which is suitable as an interconnection or compensation device for large-scale renewable energy sources [5] . ESS can be charged or discharged when desired, and power factor control can be performed using the control capability of the power conversion system (PCS), so it is often installed together with renewable energy as a complementary means [6] . It is known that the ESS is very effective to be used as a resource for providing the frequency regulation because of the quick response and the wide control range by charging and discharging [7, 8] . That is, the ESS can provide reserves for the power system to maximize the utilization of renewable energy, and an adequate capacity ESS can provide frequency reserves for a power system. As a result, the spread of ESS is expected to increase significantly with the spread of RES. [7] .
In terms of large-scale grid operation, the frequency regulation of the grid has traditionally been in charge of governor free operation of thermal or generators [9] . Therefore, some of the thermal power generators always have reserve power to provide additional power for frequency recovery in case of disturbances such as generator dropouts in the system. In addition, generators participating in the frequency response are subject to stress, such as mechanically regulating valve opening in response to frequency variations [9, 10] . Various studies have been conducted to improve the frequency response characteristics of the power system. Peng Li increased the contribution of the converter in low frequency and low voltage conditions by varying the Q-v and P-f characteristic curves according to the system frequency domain [11] , Min Hwang, improved transient stability by dynamically changing RoCoF droop characteristic of the converter according to the wind turbine's rotor speed [12] , and Weiyu Wang, proposed an adaptive droop control for the voltage sourced converter (VSC) typed multi-terminal HVDC (MTDC) system to enable frequency regulation for the AC system [13] .
The researches on installed ESS that can participate in frequency regulation electrically fast by helping existing thermal generators are being conducted in various countries [14] [15] [16] [17] [18] . The application of ESS to improve primary frequency response (PFR) is being considered. These papers are about the application of ESS for frequency control of AC systems, but no detailed control methodology has been proposed. To improve the frequency response; provision of enhanced frequency response (EFR), control algorithm with state of charge (SoC) [19] and applying an upper/lower limit of droop characteristic [20] . These attempts are based on real-time network simulations to efficient frequency control, considering actual system operator, and synchronous generator fixed output, and studies for EFR are ongoing. In addition, research on parameter self-tuning has been conducted to solve the problem of using the fixed parameters according to the changing system situation [21, 22] . When the fluctuation of RES or frequency deviation is significant, it may adversely affect frequency adjustment by determining the parameter of ESS. In order to consider the probabilistic variability of renewable energy, researches on fuzzy controllers using probabilistic approaches have been conducted [23] . However, this takes a complex approach to estimate the compensation characteristics or parameters of the ESS.
In this paper, a study has been conducted to improve the response and stability of the ESS using droop by frequency difference and droop by RoCoF according to system conditions. In order to estimate the proper droop parameters, the swing equation is used to calculate the effective inertia of the system. In this case, droop by RoCoF is applied asymmetrically according to the frequency range to prevent the droop from interfering with the frequency adjustment of the ESS. In addition, a case study was carried out using Korean power system data by applying modeling and synthetic droop control method to improve response characteristics of the recovery stage.
Frequency Support by ESS Control

Frequency Characteristic of the Power System
The frequency change is related to the balance of supply and demand. The unbalance of supply and demand causes the frequency variation. After frequency variation occurs, the frequency response characteristic can be generally divided into three stages. Figure 1 depicts the general frequency response of the power system. The first stage is called Inertia Response (IR), which the frequency variation is occurred by the unbalance and the energy stored in the rotor is released in this stage. The second stage is Primary Frequency Response (PFR) and the frequency is reached at the point of frequency nadir and slightly rebounded by the governor response and other characteristics of the system such as the load feature and the voltage variation. Secondary Frequency Response (SFR) is the third stage and the frequency is recovered to the normal value by the generator re-dispatch in the stage. The frequency change of the power system can be defined as the swing equation. The swing equation is as follow:
where H total is the inertia constant of the system, S total is the total capacity of the generators in the system and f 0 is the frequency before the variation occurrs.
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where is the inertia constant of the individual generator and is the capacity of the generator. The frequency nadir and the RoCoF are important in terms of the system stability. The frequency nadir can cause the load shedding and RoCoF is limited in certain countries by the grid code. If it is possible to increase the frequency nadir and to mitigate RoCoF, the power system stability is improved and the load shedding can be prevented. In this paper, the research goal is to induce primary frequency response ( ∆ ) and inertia response ( ) using the adaptive droop control of FR-ESS, and consequently improve the frequency stability of the system. 
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There are several control methods for the FR operational ESS. In Korea, the concept of control mode applied based on the RoCoF [24] . The original method of the ESS frequency regulation is operation with modes that each operation mode has different droop constant. The ESS is operated in transient mode when the frequency variation occurred and the operation mode is changed to the exit mode after the frequency is recovered into the dead band and maintained for more than a second. For example, the ESS which has 0.28% droop in normal operation changes the operation mode when the frequency changes over dead band. In transient mode, the ESS output is controlled with the The inertia constant of the system is the equivalent inertia constant by:
where H i is the inertia constant of the individual generator and S i is the capacity of the generator. The frequency nadir and the RoCoF are important in terms of the system stability. The frequency nadir can cause the load shedding and RoCoF is limited in certain countries by the grid code. If it is possible to increase the frequency nadir and to mitigate RoCoF, the power system stability is improved and the load shedding can be prevented. In this paper, the research goal is to induce primary frequency response (k f ∆ f ) and inertia response (k d f d f dt ) using the adaptive droop control of FR-ESS, and consequently improve the frequency stability of the system.
There are several control methods for the FR operational ESS. In Korea, the concept of control mode applied based on the RoCoF [24] . The original method of the ESS frequency regulation is operation with modes that each operation mode has different droop constant. The ESS is operated in transient mode when the frequency variation occurred and the operation mode is changed to the exit mode after the frequency is recovered into the dead band and maintained for more than a second. For example, the ESS which has 0.28% droop in normal operation changes the operation mode when the frequency changes over dead band. In transient mode, the ESS output is controlled with the system constant K and after the frequency is recovered, 0.16% droop is applied in exit mode. The system constant K is defined as 1% of peak load value and transient mode output is determined by:
where K is system constant and P tr is output order in transient mode. However, this method can cause problems when the Short Circuit Capacity (SCC) of the system is low compared to the ESS capacity.
If the ESS power supply/absorb is larger than the requirement by frequency variation, problems such as control hunting may occur. The frequency nadir and RoCoF are determined in IR and PFR stages by IR and governor response. If the ESS output is controlled such as the IR and governor response, the frequency nadir and RoCoF would be improved.
Therefore, the method for the frequency control for the ESS is proposed in this paper to improve the system frequency stability when the system is weak to apply the original method. The proposed frequency control method replaces transient mode and exit mode. In steady-state, the ESS system is operated with droop, which calculated by (4) and (5).
where P t is the rated capacity of the target machine, δ is the target speed rate of output change and f n is the normal frequency. The steady-state droop constant for the ESS system can be calculated by:
where δ ESS is the steady-state droop constant for the ESS, P ESS is the capacity of ESS and K is the constant calculated by (4).
In the current FR-ESS operating scheme in Korea, if the frequency drops quickly beyond the dead band, the transient control method is applied to the ESS system [24] . However, dividing the operating modes may make it impossible to achieve stable and continuous frequency response. In this paper, the power output of the ESS system is controlled by the frequency variation and RoCoF by transient controller.
where k f and k d f are gain for frequency variation and RoCoF. In this design formulation, k d f is a negative value to compensate for more active power when the frequency decreases rapidly. With this term, ESS can improve frequency regulation capability.
However, this RoCoF term, d f /dt, can be positive when the contingency cleared and the frequency in the recovery stage. Consequently, the k d f × d f /dt elements interfere with the frequency recovered by lowering the output of the ESS to a negative value. Therefore, we propose a synthetic droop control method that operates on negative d f /dt at the frequency fall and positive d f /dt at the frequency rise. Equation (7) can be derived from (6) as follows:
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The control logic of the proposed method using synthetic droop k f and k d f is shown in Figure  3 respectively.
ESS Modeling and Control
The ESS system dynamic model is developed in this paper to verify the effect of the proposed control method on the power grid. The ESS system structure is depicted in Figure 2 .
Energies 2019, 12, x FOR PEER REVIEW 5 of 18
The ESS system dynamic model is developed in this paper to verify the effect of the proposed control method on the power grid. The ESS system structure is depicted in Figure 2 . To verify the proposed control algorithm, the dynamic simulation is being performed in the transient simulation program (TSP). Normally, the TSP is root-mean-square (RMS) value based and assumes the three-phase balanced condition; it means that the low-level control related the switching operation of power electronics can be derived as a converter equation. Accordingly, the control logic can be simplified as shown in Figures 3-5 . The dynamic model for the ESS is developed with the control loops and the proposed control method is applied in the model. Figure 3 represents the active power control loop. The active power order determined by the adaptive droop controller is added to the initial power output of ESS, then, pass through the limiter block of power and current ratings. To verify the proposed control algorithm, the dynamic simulation is being performed in the transient simulation program (TSP). Normally, the TSP is root-mean-square (RMS) value based and assumes the three-phase balanced condition; it means that the low-level control related the switching operation of power electronics can be derived as a converter equation. Accordingly, the control logic can be simplified as shown in Figures 3-5 . The dynamic model for the ESS is developed with the control loops and the proposed control method is applied in the model. The model developed in this paper is the TSA dynamic model. Thus the inner controller is simplified as the converter equation. Therefore, the active power output is controlled by the order determined in Figure 3 .
Active Power Control Loop
Auxiliary power order is provided by the proposed control method when the control is activated.
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The FR-ESS control schemes based on the proposed methodologies described in Section 2 and 3 in detail. As shown in Figure 6 , to utilize the adaptive droop control method, the information of the power system condition of frequency deviation ( ∆ ∆ ) has to be collected by ESS main controller. Based on information such as / with active power deviation, the system characteristics of effective inertia ( ) can be assessed as described in Section 2. In the result, the main controller can calculate the droop coefficient for primary frequency response ( ) and inertial response ( ) appropriately. In the frequency recovery stage, a synthetic droop method is applied to prevent the frequency recovery delay caused by the inertial response, which leads to SoC management when entering the frequency dead band. Figure 3 represents the active power control loop. The active power order determined by the adaptive droop controller is added to the initial power output of ESS, then, P ESS pass through the limiter block of power and current ratings.
Active Power Control Loop
The model developed in this paper is the TSA dynamic model. Thus the inner controller is simplified as the converter equation. Therefore, the active power output is controlled by the order determined in Figure 3 .
Reactive Power Control Loop
The reactive power controller is shown in Figure 4 , and the reactive power order is determined by the controller. Voltage error between the connected bus voltage and the reference voltage determines the reactive current, after that, the signal passes through the lead-lag compensator to secure the output stability and the integrator to secure the control speed and multiplies the grid voltage to determine the reactive power output. Also, voltage control droop is applied in the control loop, and the model parameter can modify the percentage for the droop.
Charge/Discharge Efficiency
The charge and discharge state is determined by active power output. The ESS is operated as discharge mode when the active power output is larger than zero and charge mode when the output is lower than zero. The block diagram to consider the power conversion efficiency is configured as shown in Figure 5 .
ESS Operation Algorithm
The FR-ESS control schemes based on the proposed methodologies described in Sections 2 and 3 in detail. As shown in Figure 6 , to utilize the adaptive droop control method, the information of the power system condition of frequency deviation ( ∆ f x ∆t x ) has to be collected by ESS main controller. Based on information such as d f /dt with active power deviation, the system characteristics of effective inertia (H sys S sys ) can be assessed as described in Section 2. In the result, the main controller can calculate the droop coefficient for primary frequency response (k f ) and inertial response (k d f ) appropriately. In the frequency recovery stage, a synthetic droop method is applied to prevent the frequency recovery delay caused by the inertial response, which leads to SoC management when entering the frequency dead band. 
Case Study
The demonstration project of the FR-ESS is in progress in real power systems in many countries [18] . In Korea, the ESS for FR applications is currently installed at about 376 MW capacity, as shown in Figure 7 , and demonstrating its effectiveness in several contingency situations and capacity expansion is under review [25] . In this study, we assumed that the total capacity as 1 GW to study the effect of large scale ESS on the power system. The ESS capacity shown in the Figure 6 was approximately tripled.
The short circuit ratio (SCR), the ratio of short-circuit capacity of the system versus the capacity of the ESS, can be an important factor for the stable operation of the power system [19] . Therefore, a case study was conducted for heavy load cases with 90% load and 70% light load case compared to the peak. Normally, when the load demand is high, the number of in-service generator increases. Accordingly, the system has a high short circuit capacity and the system strength. The droop coefficient has to be modified to an appropriate value. The parameters are summarized in Table 1 . 
Heavy Load Condition
In the Korean power system, the largest capacity of the generator is 1460 MW NP, and we select the case with 1460 MW NP trip case. As shown in Figure 8 , the thermal generators increase their active power to compensate for the frequency drop according to the generator outage as governor free action. The total amount is 1500 MW in this governor free capacity in the Korean power system. Figure 8 shows that the comparison between governor free with the thermal generator, ESS compensation with the fixed droop and with proposed adaptive droop control. In the steady-state point of view, three cases converged to a stable frequency operation point. However, there are significant differences in transient state. ESS is much faster than governor free, so RoCoF is smaller, and frequency nadir is also higher. The maximum / limit is set to 0.2 with the proposed method.
As shown in Figures 9 and 10 , the output is added to of conventional fixed frequency droop control. This supply the power additionally when the / < 0 and the system frequency < 60 . In the result, the proposed method can lower the frequency descent rate and increase the frequency nadir. 
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The maximum d f /dt limit is set to 0.2 with the proposed method. As shown in Figures 9 and 10 , P ir the output is added to P p f r of conventional fixed frequency droop control. This P ir supply the power additionally when the d f /dt < 0 and the system frequency f < 60. In the result, the proposed method can lower the frequency descent rate and increase the frequency nadir. 
Light Load Condition
With small SCR, the power charge/discharge operation of the ESS can have a significant impact on the grid frequency. As shown in Figure 11 , the frequency drop with 1460 MW NP outage is deeper compared to the heavy load case. In this case, the maximum d f /dt limit is supposed to be 0.2 also. In the result, the frequency response of ESS with proposed adaptive droop shows effectiveness to relief the frequency nadir and RoCoF. The outputs compared to the droop mode of the ESS are shown in Figures 12 and 13. 
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Conclusions
In this paper, a method to improve the transient response of ESS by using the RoCoF term by estimating the proper droop coefficient according to the power system condition is proposed. To verify the proposed method, a power balance equation and a controller were modeled, and a dynamic simulation was performed. The results from case studies show that frequency regulation using ESS can be effective in contingencies such as a sudden trip of large-capacity generators rather than frequency regulation using governor free of conventional thermal power generators. Especially when the proposed method is applied, it contributes to lowering the frequency decline rate, RoCoF, and 
In this paper, a method to improve the transient response of ESS by using the RoCoF term by estimating the proper droop coefficient according to the power system condition is proposed. To verify the proposed method, a power balance equation and a controller were modeled, and a dynamic simulation was performed. The results from case studies show that frequency regulation using ESS can be effective in contingencies such as a sudden trip of large-capacity generators rather than frequency regulation using governor free of conventional thermal power generators. Especially when the proposed method is applied, it contributes to lowering the frequency decline rate, RoCoF, and increasing the lowest frequency nadir, thereby improving the frequency stability. The case study confirmed that it could be adaptive in different power system conditions both 70% and 90% load situations. The control method and logic can be used not only to improve the response characteristics of the ESS installed for frequency regulation purposes, but also to be used for configuring the controller when participating in the frequency response of the ESS for demand response based on Time-of-Use or ESS for renewable energy compensation.
Based on the study, it is expected that proposed method can be utilized to study emergency control in communication failure situation based on assessment the exact effective inertia of the system and coordinated control with renewable energy converter for primary frequency response and automatic generation control (AGC) considering state-of-charge (SoC) of the ESS.
